Previous efforts aimed at the biochemical characterization of chloroplast HSP70B were hampered by the observation that recombinant HSP70B was inactive, i.e., incompetent of interacting with its nucleotide exchange factor CGE1. As also heterologously expressed mitochondrial Hsp70 was inactive unless coexpressed with the escort protein Hep1, we wondered whether homologs of Hep1 existed in the chloroplast. Database searches revealed that algae and higher plants indeed encode at least two HEP homologs, one predicted to be targeted to mitochondria, the others to chloroplasts.
Previous efforts aimed at the biochemical characterization of chloroplast HSP70B were hampered by the observation that recombinant HSP70B was inactive, i.e., incompetent of interacting with its nucleotide exchange factor CGE1. As also heterologously expressed mitochondrial Hsp70 was inactive unless coexpressed with the escort protein Hep1, we wondered whether homologs of Hep1 existed in the chloroplast. Database searches revealed that algae and higher plants indeed encode at least two HEP homologs, one predicted to be targeted to mitochondria, the others to chloroplasts.
Using Chlamydomonas reinhardtii as plant model organism we demonstrate that this alga encodes a HEP homolog (termed HEP2) that is localized to the stroma. HEP2 is expressed constitutively as a low abundance protein with an apparent molecular mass of ~21 kDa. In cell extracts HEP2 interacts with HSP70B in an ATP-dependent fashion. Coexpression of HSP70B with HEP2 in E. coli yielded high levels of CGE1-binding competent HSP70B, which also displayed ATPase activity. Inactive HSP70B was more prone to proteolysis than active HSP70B. Although inactive HSP70B interacted with HEP2, it could not be activated. Active HSP70B remained active for 48 h in the absence of HEP2, suggesting that HEP2 was not involved in maintaining HSP70B in an active state. However, some HSP70B expressed as a fusion protein with an Nterminal extension was activated when HEP2 was present during cleavage of the fusion protein, suggesting that in vivo HEP2 might be required for de novo folding of HSP70B after transit peptide cleavage.
Except for some Archaea, chaperones of the Hsp70 family are found in all known organisms and are present in every compartment of the eukaryotic cell. Hsp70 chaperones consist of an N-terminal ATPase domain which is functionally linked to a Cterminal substrate-binding domain (1, 2) . Hsp70s bind substrates with low affinity in the ATP-state and with high affinity in the ADPstate. Binding of Hsp70 shields hydrophobic surfaces exposed by the substrate from the environment, thus protecting substrates from aggregation. Moreover, by the power stroke exerted by Hsp70s following ATP hydrolysis (3) , and/or by their intrinsic secondary amide peptide bond cis-trans isomerase activity (4), the conformation of bound substrates may be altered, which in turn may allow non-native proteins to attain the native state. Thus, Hsp70s play a major role in the folding of nascent chains and in the renaturation of non-native proteins that have accumulated during stress situations such as heat shock (2, 5) . However, Hsp70s have also highly specialized functions such as the regulation of the heat stress response (6) , the uncoating of clathrin-coated vesicles (7) , or the translocation of proteins across membranes (8) . Specificity of Hsp70 function is mediated largely by its cochaperones, of which the J-domain cochaperones represent an important class (9, 10) . Similarly important are cochaperones that regulate the affinity for nucleotides of their Hsp70 partner. For example, most prokaryotic Hsp70s require a GrpE-type nucleotide exchange factor, which is termed Mge1 in mitochondria (11) and CGE1 in chloroplasts (12) .
In contrast to the well-studied Hsp70 systems in bacteria, cytosol, ER and mitochondria, comparably little is known on Hsp70 functions in the chloroplast (13, 14, 15) . Although Hsp70 proteins on the outer chloroplast membrane and within the inner membrane space appear to participate in protein import (16, 17) evidence for a role of stromal Hsp70 in this process is lacking. In Chlamydomonas, the stromal Hsp70 is termed HSP70B (18) . It is involved in the maturation of chloroplast proteins (19, 20, 21, 22) , in the protection of photosystem II from photodamage (23), and in the assembly/disassembly of VIPP1 oligomers (24, 25). Furthermore, stromal HSP70B was found to interact with plastidic HSP90C (26).
We reported previously that Chlamydomonas HSP70B heterologously expressed in E. coli was incapable of interacting with its nucleotide exchange factor CGE1; in contrast, HSP70B isolated from Chlamydomonas cell extracts did interact with CGE1 (27). These observations suggested that additional factor(s) present in its native cellular environment were required to activate HSP70B or to maintain it in an active state.
In yeast, a 17-kDa zinc finger containing protein termed Zim17 was found to localize to the mitochondrial matrix and to play an essential role in the import of preproteins into mitochondria (28). The same protein was called Tim15 because it was found to be associated with the inner mitochondrial membrane (29). The role of Zim17/Tim15 in protein import was verified and shown to be at the level of mitochondrial Hsp70 (mtHsp70 or Ssc1), with which Zim17/Tim15 interacts physically. Sichting et al. (30) demonstrated that Zim17/Tim15 prevented aggregation not only of Ssc1, but also of Ssq1, the second mitochondrial HSP70. In the absence of Zim17/Tim15, aggregated Ssc1 and Ssq1 can no longer carry out their essential functions in the organelle, i.e., preprotein import and Fe/S cluster biogenesis, respectively. As Zim17/Tim15 was shown not to be part of the Tim23 complex and to account for its function in keeping mitochondrial Hsp70s in an active state, Zim17/Tim15 was termed Hep1 (mtHsp70 escort protein 1). According to the recently resolved NMR structure of yeast mitochondrial Hep1, the protein is an L-shaped molecule (31). One leg of the L is formed by two two-stranded, antiparallel β-sheets which, at their connecting loops, each contain two cysteines that coordinate one Zn 2+ ion. Mutation of residues located to this part of Hep1 affected the molecule's function most severely (29, 31; Fig. 1B) .
In the present study, we demonstrate that a homolog of Hep1, termed HEP2, exists also in chloroplasts. We show that HEP2 interacts with the plastidic HSP70B protein both in vitro and in Chlamydomonas cell extracts. Coexpression of HSP70B and HEP2 in E. coli yielded HSP70B that was capable of interacting with its cochaperone CGE1. Our data suggest that HEP2 is not involved in maintaining HSP70B in an active state, but might be required for correct de novo folding of HSP70B after transit peptide cleavage. We propose that a common feature of mitochondrial and plastidic Hsp70 proteins is their requirement for HEP homologs to attain the active state. Chlamydomonas total RNA isolated as described previously (24) was first reverse transcribed into cDNA using an oligo-dT primer and M-MuLV reverse transcriptase (NEB, Frankfurt, Germany). The cDNA was used as template to PCR-amplify the HEP2 coding region using 5' primer 5'-GGACTAGTGCTCTTCCAACGCGACAGT GGACCCGATTC-3' and 3' primer 5'-CCTAGCTACTCGAGTACAAATG-3'. The resulting 459-bp PCR product was cloned into the TOPO vector (Invitrogen, Karlsruhe, Germany), yielding pMS396. To destroy the SapI restriction site within the cloned HEP2 cDNA by silent mutagenesis, two more PCRs were performed on pMS396 using 5' primer T3 and 3' primer 5'-CAAATTAGTACTCTTCACCTG-3', and 5' primer 5'-AGAGTACTAATTTGGAGCGCC-3' and 3' primer T7. The ~350-bp 5'-PCR product was digested with EcoRI-ScaI, the ~230-bp 3'-PCR product was digested with ScaI-NotI and both fragments were ligated into EcoRI-NotI-digested pBluescript (Stratagene, LaJolla, CA), yielding pMS408. Next, pMS408 was cleaved with SapI-XhoI and the resulting ~490-bp fragment was ligated into SapI-XhoIdigested pTYB11 (NEB), generating pMS410. pMS410 was transformed into strain ER2566 and, like CGE1b (pMS301) and HSP70B (pMS307), HEP2 was expressed with an intein/chitin binding domain fused to its Nterminus, purified by chitin affinity chromatography, and eluted after thiol-induced cleavage as decribed earlier (26, 27). 1 mg of purified HEP2 was used for the immunization of a rabbit. Affinity-purification of HEP2 antibodies was done according to Ref. 26 .
EXPERIMENTAL PROCEDURES
For the expression of HSP70B with a C-terminal hexahistidine tag from vector pCDF, a ~620-bp fragment coding for the Nterminal part of mature HSP70B was amplified by PCR from pCB611, which contains the HSP70B cDNA. The 5' primer used was 5'-GTCCCCATGGAGAAGGTCGTGGGTATC GATCTGGCACGACCAACTCGGCTGTGG CTGCGATGGAGGG-3', the 3' primer used was 5'-CCCACCTGCAGCACTGAC-3'. The ~620 bp fragment was digested with NcoI and PstI and cloned into the NcoI-PstI-digested pCDF vector (Novagen, Madison, WI), giving pCDF-70BN. The sequence encoding the Cterminal part of HSP70B was amplified by PCR using pCB611 as template, the same 5' primer as used above, and 3' primer 5'-GCCTCAATGCAGGAAGCTTAATGGTGA TGGTGATGGTGCTTCTTGTCAGTGAACT C-3'. The ~2-kb PCR product obtained was digested with MscI and HindIII and the resulting ~1.8-kb fragment was cloned into MscI-HindIII-digested pCDF-70BN, yielding pMS461.
For the dual expression of HSP70B with HEP2, a PCR was performed on pMS396 with 5' primer 5'-GTGCCATATGACAGTGGACCCGATTCC-3' and 3' primer 5'-CCTAGCTACTCGAGTACAAATG-3'. The ~440 bp product was cut with NdeI and XhoI and cloned into NdeI-XhoI-digested pMS461, giving pMS462. For the purification of hexahistidine-tagged HSP70B, pMS461 and pMS462 were transformed into E.coli BL21(DE3) cells (Novagen) and proteins after induction with 0.5 mM IPTG were purified by nickel-nitrilotriacetic acid agarose according to the manufacturer's instructions (Qiagen, Hilden, Germany (Fig. 5C ), CF185 cells were grown to a density of ~8 x 10 6 cells/ml, harvested, washed twice with KH buffer (80 mM KCl, 20 mM HEPES-KOH pH 7.5) and resuspended in lysis buffer (20 mM HEPES-KOH, pH 7.2, 10 mM KCl, 1 mM MgCl 2 , 154 mM NaCl, 0.25 x protease inhibitor cocktail (Roche Diagnostics, Mannheim, Germany)). For ATP depletion and ATP repletion, cells were split in two equal fractions, 10 U apyrase were added to one fraction (-ATP), 2.5 mM ATP, 80 mM creatine phosphate, and 0.125 µg/µl creatine kinase were added to the other fraction (+ATP). Crosslinking of protein complexes was performed using DSP (Perbio Science, Bonn, Germany) at a final concentration of 2 mM, which was added to the mixture prior to cell lysis. Cells were lysed by sonication on ice for 90 s and crosslinking was perfomed under agitation for 1 h at 4°C. Crosslinking was arrested by the addition of glycine to a final concentration of 100 mM and incubation for 15 min at 4°C. Subsequently, lysates were loaded onto sucrose cushions (20 mM HEPES-KOH pH 7.2, 0.6 M sucrose) and centrifuged in a TI50 rotor for 30 min at 152,000 x g and 4°C. Antibody coupling and immunoprecipitations were carried out as described previously (12, 24) . Elution of immunoprecipitated proteins and cleavage of DSP was done by adding one volume of 2 x Laemmli sample buffer and boiling for 5 min at 95°C.
For the immunoprecipitation experiments shown in Fig.  2D , Chlamydomonas soluble cell extracts were generated as described above, but without the ATP-depletion/repletion and crosslinking steps. After centrifugation, the membrane pellet was resolved in lysis buffer containing 2% Triton X-100. Prior to immunoprecipitation an additional sucrose cushion centrifugation for 30 min at 152,000 x g and 4°C was performed.
For in vitro immunoprecipitations (Figs. 6A, 8) , 100 µl reaction mixtures with the concentrations of purified proteins given in the Figure legends were incubated in KMH-buffer supplemented with 250 µg BSA for 30 min at 23°C. For ATP depletion, 1 U of apyrase was added. The ATP regeneration system consisted of 13.75 mM creatine phosphate and 14 µg/ml creatine kinase. Immunoprecipitations were performed as described earlier (27).
For immunoprecipitations from soluble E. coli cell extracts (Fig. 6B ), 100 ml BL21(DE3) cells were grown to an OD 600 of 0.6. Protein expression was induced by the addition of IPTG to a final concentration of 1 mM and cells were harvested after 3 h incubation at 25°C. Cells were resuspended in lysis buffer containing either 5 U apyrase or 5 mM ATP, 10 mM creatine phosphate, 35 µg creatine kinase. Cells were lysed by sonication on ice for 90 s and lysates were cleared by centrifugation for 20 min at 20,000 x g and 4°C. Immunoprecipitations from cleared lysates were done as above. Protease Sensitivity Assays⎯10 µg of purified HSP70B proteins were used in 20 µl reaction mixtures, including KMH buffer and trypsin (Promega, Mannheim, Germany) at the amounts indicated in the Figure legend. Mixtures were incubated on ice for 5 min. Then 5 µl of 25 x protease inhibitor cocktail (Roche) were added, followed by one volume of 2 x Laemmli sample buffer. Miscellaneous⎯Isolation of chloroplasts and fractionation into stroma, thylakoids and low density membranes was done as described previously (36). Mitochondria were isolated following a published protocol (37) with the alterations outlined in Ref. 26 . Quantification of cellular protein concentrations, RNA extraction, and heat shock kinetics were done as published (24, 26). Glutaraldehyde crosslinks were performed as described in Ref.
27 and gel filtration analysis as reported in Ref.
25. ATPase assays were done as reported previously (26), but reactions were incubated at 25°C in the presence of 100 µM unlabeled ATP.
All experiments have been repeated at least three times and, except for Fig. 6C , one representative experiment is shown.
RESULTS
Algae and higher plants encode HEP homologs predicted to be targeted to mitochondria and chloroplasts⎯We reported recently that chloroplast HSP70B heterologously expressed in E. coli was not capable of interacting with its CGE1 cochaperone (27). Also the yeast mitochondrial Hsp70 Ssc1 was non-functional when it was heterologously expressed in E. coli, unless it was coexpressed with Hep1 (30). This finding prompted us to suspect that there might be chloroplast homologs of Hep1 that similarly were required to ensure functionality of chloroplast Hsp70s. Therefore, we used the yeast Hep1 amino acid sequence to search for genes encoding HEP homologs in the genome sequences of algae and higher plants. Strikingly, all algal and higher plant genomes investigated contained at least two genes encoding HEP homologs. According to the TargetP program (38), one of these HEP homologs was predicted to be targeted to mitochondria, the others to chloroplasts (only for the Chlamydomonas HEP homologs predictions were ambivalent, most likely because Chlamydomonas chloroplast transit peptides resemble mitochondrial signal peptides of higher plants (39)). In accordance with these predictions, mitochondrial and chloroplast HEP homologs in phylogenetic analyses formed separate clades (Fig. 1A ). We could not find genes encoding HEP homologs in bacterial genomes. Both, chloroplast and mitochondrial HEP homologs share invariable amino acids within the Zn-finger domain (Fig.  1B) . Within this region distinct amino acids were found that might serve as signatures for chloroplast and mitochondrial HEP homologs. The putative chloroplast HEP homolog in Chlamydomonas was termed HEP2 and was subject of our further investigation.
Chlamydomonas HEP2 is a soluble, constitutively expressed protein with an apparent molecular mass of ~21 kDa⎯To raise a HEP2-specific antibody and to further characterize the HEP2 protein biochemically, we heterologously expressed Chlamydomonas HEP2 lacking its putative chloroplast transit peptide in E. coli ( Fig. 2A) . We used the TargetP cleavage site prediction for the Ostreococcus HEP2 transit peptide (SVR/A) as a guide and assumed ACR/A, situated at the same position within Chlamydomonas HEP2, as cleavage site (Fig. 1B) . Purified recombinant HEP2 migrated at ~21 kDa, although its calculated molecular mass was 14.9 kDa (Fig. 2A, lane 6) .
To determine whether recombinant HEP2 formed dimers or oligomers we subjected purified recombinant HEP2 to gel filtration analysis. As shown in Fig. 2B , virtually the entire protein eluted as ~26-kDa species. This would be close to the size of a dimer (29.8 kDa), if HEP2 behaved like a globular protein. However, we cannot exclude that HEP2 monomers have an elongated shape and consequently migrated faster through the gel filtration matrix.
Affinity-purified antibodies raised against the purified recombinant HEP2 protein strongly reacted with recombinant HEP2 at ~21 kDa (Fig. 2C , left lane). A faint band was also detected at ~42 kDa, possibly deriving from dimeric HEP2 that was not entirely dissociated in 2% SDS. In Chlamydomonas whole-cell proteins the same affinity-purified antibodies weakly reacted with proteins migrating at ~21 and ~42 kDa, and strongly reacted with proteins migrating at ~28 kDa and ~70 kDa (Fig. 2C , right lane). To determine which of these proteins corresponded to HEP2 we immunoprecipitated HEP2 from Chlamydomonas soluble cell extracts and solubilized membranes and detected precipitated proteins with HEP2 antibodies. A single enriched protein of ~21 kDa was detected in immunoprecipitates generated from soluble cell extracts, suggesting that this 21-kDa protein was HEP2 (Fig. 2D ).
In the promoter region of the yeast Hep1 gene putative heat shock elements were identified (30). Accordingly, Hep1 protein levels were found to increase upon heat shock (40). To test, whether also the Chlamydomonas HEP2 gene was induced by heat shock, mRNA accumulation of HEP2 and of HSP90C, encoding a strongly heat-shock inducible, chloroplast chaperone (26), was monitored over a period of two hours in Chlamydomonas cells exposed to heat stress at 40°C. Whereas HSP90C transcript increased dramatically under these conditions, we observed no increase in HEP2 transcript levels (Fig. 3A) . Accordingly, no increase in HEP2 protein levels was observed during heat shock, while HSP90C levels increased significantly (Fig.  3B) .
We conclude that, in contrast to yeast mitochondrial Hep1, Chlamydomonas HEP2 is not a heat shock protein. Recombinant HEP2 might form dimers. In Chlamydomonas, HEP2 is a weakly expressed, soluble protein with an apparent molecular mass of ~21 kDa.
HEP2 is a stromal protein of low abundance⎯To verify the predicted chloroplast localization of HEP2 and to determine its suborganellar distribution, mitochondria and chloroplasts were isolated from Chlamydomonas cells; chloroplasts were subsequently sub-fractioned into stroma and thylakoids. The purity of the fractions was tested with antibodies against mitochondrial carbonic anhydrase, stromal CGE1 and the integral thylakoid membrane protein cytochrome f. As judged from the signals obtained with these antibodies (Fig. 4A ), chloroplasts were free from mitochondrial contaminations, stroma fractions were free from thylakoid and mitochondrial contaminations, and thylakoids were free from stromal and mitochondrial contaminations; only the mitochondrial fraction was slightly contaminated with thylakoids. HEP2 was detected weakly in whole cells and chloroplasts, but was clearly enriched in the stromal fraction (Fig. 4A) .
In yeast mitochondria Hep1 was reported to be a protein of low abundance (30). As judged from the weak signals detected for HEP2 in Chlamydomonas whole cell extracts (Figs. 2C, 2D , and 4A), HEP2 appeared to be of low abundance in Chlamydomonas as well. To determine the stoichiometry of HEP2 to HSP70B in Chlamydomonas cells, we detected HEP2 immunologically in dilution series of whole-cell proteins and of heterologously expressed and purified HEP2 (Fig. 4B) . Three independent experiments with two different Chlamydomonas strains (CF185 and CC124) revealed that HEP2 represents about 0.002-0.007% of total cell proteins. HSP70B was reported to constitute about 0.19% of total cell proteins (25). Taking into account the molecular masses of both proteins (67.9 kDa for HSP70B and 14.9 kDa for HEP2), the molar ratio of HSP70B to HEP2 appears to be between 6 : 1 and 21 : 1.
HEP2 interacts with HSP70B in vitro and in cell lysates⎯After having localized HEP2 to the same compartment as chloroplast HSP70B, we wondered whether HEP2 also interacts with HSP70B. To address this question, we performed glutaraldehyde crosslinking and coimmunoprecipitation experiments. As yeast mitochondrial Hep1 was shown to interact with mtHsp70 in an ATPdependent manner (30), experiments were performed in the presence and absence of ATP. For glutaraldehyde cross-linking we used purified recombinant HSP70B and HEP2 that initially had been expressed as N-terminal fusion proteins with an intein/chitin binding domain. HEP2 in the absence of glutaraldehyde migrated at ~21 and 42 kDa, suggestive for monomers and SDS-resistant dimers (Fig. 5A, lane 2) . When HEP2 alone was incubated with glutaraldehyde, it migrated in SDS-PAGE at positions between 14-20 kDa and ~30 kDa (Fig. 5A, lane 5) , corresponding to monomers and dimers. HSP70B in the absence of glutaraldehyde migrated at ~68 kDa, however, in the presence of glutaraldehyde it migrated as a compact species of ~50 kDa independent of the ATPstate (Fig. 5A, lanes 1, 3 and 4) . When a mixture of HEP2 and HSP70B was incubated with glutaraldehyde, all of HSP70B no longer migrated at ~50 kDa but shifted to ~80-120 kDa, most likely due to formation of an HSP70B-HEP2 complex (Fig. 5A, lanes 6 and  7) . Apparently, complex formation was ATPindependent. Since HEP2 was mixed in a 20-fold molar excess with HSP70B, unbound HEP2 is still present at 14-20 kDa and ~30 kDa. To further resolve the 80-120 kDa HSP70B-HEP2 complex, we repeated the experiment essentially with 20-times less glutaraldehyde and detected the cross-linked products with the HEP2 antibody. Interestingly, HSP70B-HEP2 migrated as two distinct bands of ~107 and ~115 kDa, which is rather suggestive for a HEP2 dimer interacting with an HSP70B monomer in two distinct conformations (Fig. 5B, lanes 6 and 7) .
After having established the interaction of recombinant HSP70B and HEP2 in vitro, we wished to determine whether both proteins also interact in Chlamydomonas cell extracts. To test whether the interaction between native HSP70B and HEP2 was ATP dependent, cell extracts were supplemented with ATP or depleted from ATP. Moreover, HSP70B-HEP2 complexes were stabilized by the addition to cell extracts of the homobifunctional thiolcleavable cross-linker DSP (dithiobis(succinimidyl propionate)) at a concentration previously determined to be optimal for this purpose and not to cause unspecific crosslinking of HSP70B with noninteracting proteins (25). Immunoprecipitations were performed with antibodies against HSP70B and HEP2, and precipitates were analysed for HSP70B, CGE1, and HEP2 (Fig.  5C ). In the absence of ATP, substantial amounts of CGE1 and little HEP2 coprecipitated with HSP70B. In the presence of ATP, however, hardly any CGE1 and less HEP2 than in the absence of ATP coprecipitated with HSP70B. Similarly, little more HSP70B coprecipitated with HEP2 in the absence of ATP than in the presence of ATP. As only little HEP2 interacts with HSP70B and only a fraction of HSP70B is in complex with CGE1, the amounts of CGE1 that coprecipitated with HEP2 via HSP70B most likely were below the detection limit.
Taken together, an interaction between HSP70B and HEP2 could be demonstrated in vitro and in Chlamydomonas cell extracts. Whereas the in vitro interaction of HEP2 with recombinant, inactive HSP70B was ATPindependent, the interaction of native HEP2 with native HSP70B in Chlamydomonas cell extracts was enhanced by the absence of ATP.
Coexpression of HEP2 and HSP70B in E. coli yields functional HSP70B⎯As recombinant HSP70B (initially expressed as an N-terminal fusion with an intein/chitin binding domain) was incapable of interacting with its cochaperone CGE1 (27), we wanted to find out whether this inactive HSP70B became capable of interacting with CGE1 in the presence of HEP2. For this, we mixed purified recombinant HSP70B with HEP2, CGE1, and with both proteins in the presence and absence of ATP. HSP70B was immunoprecipitated from the mixture and precipitates were analyzed for the presence of HEP2 and CGE1. In accordance with the glutaraldehyde cross-linking results of Fig. 5A , HEP2 coprecipitated with HSP70B in an ATP-independent manner (Fig. 6A, lanes 3,  4, 7, and 8) . However, CGE1 did not coprecipitate with HSP70B, independent of whether HEP2 was present or not (Fig. 6A,  lanes 6 and 8) . Hence, although HEP2 could interact with inactive HSP70B, it could not convert it into an active, CGE1-binding competent state.
When yeast mtHsp70 was heterologously expressed in E. coli, the protein aggregated and was non-functional. However, when mtHsp70 was coexpressed with Hep1 in E. coli, soluble and functional protein was recovered (30, 31). Hence, we wondered whether coexpression of HSP70B and HEP2 in E. coli would also yield functional HSP70B, i.e., HSP70B that was capable of interacting with CGE1. To address this question, we generated E. coli cells harbouring plasmids that encode either HSP70B alone, or HSP70B in company with HEP2. Into these cells, and into control cells containing the empty vector, also a plasmid coding for CGE1 was transformed. Note that all three proteins were directly expressed as mature proteins in which the chloroplast transit peptide was replaced by a start methionine; HSP70B additionally contained a C-terminal hexahistidine tag. Cell extracts from cells expressing the recombinant proteins were generated and ATP was added or removed. Recombinant HSP70B and CGE1 were immunoprecipitated from the cell extracts. Precipitates were then analyzed for the presence of HSP70B, CGE1, and HEP2. As shown in Fig. 6B , only very little HSP70B coprecipitated with CGE1 and equally little CGE1 coprecipitated with HSP70B from ATPdepleted cell extracts that did not contain HEP2. In contrast, substantial amounts of HSP70B coprecipitated with CGE1 and similarly high amounts of CGE1 (and HEP2) coprecipitated with HSP70B from ATPdepleted cell extracts containing HEP2. Hardly any interaction between HSP70B and CGE1 was observed in ATP-replete cell extracts. Hence, HSP70B expressed in the presence of HEP2 displayed an ATP-dependent interaction with CGE1 typical for the native protein (12, 27) . As some HEP2 also was coprecipitated with CGE1, complexes composed of HSP70B, CGE1 and HEP2 must exist. Finally, significantly more HEP2 coprecipitated with HSP70B in an ATP-independent manner when immunoprecipitations were carried out from E. coli cell lysates compared to Chlamydomonas cell lysates (compare Figs. 5C and 6B). We attribute this to the much higher HEP2 protein levels in overexpressing E. coli cells compared to Chlamydomonas chloroplasts.
The observation that HSP70B coexpressed with HEP2 displayed an ATPdependent interaction with CGE1 suggested that it had a functional ATPase domain. In contrast, the complete inability of HSP70B initially expressed with an N-terminal intein/chitin binding domain to interact with CGE1 suggested that its ATPase domain was non-functional. To test this, we determined the ATPase activity of both HSP70B preparations (Fig. 6C) . As expected, HSP70B coexpressed with HEP2 displayed ATPase activity, whereas HSP70B initially expressed as fusion protein did not. One mol of active HSP70B hydrolyzed about 0.5 mol of ATP per minute, which is close to the values of 1 and 1.5 mol ATP hydrolyzed per minute by E. coli DnaK (41) and mtHsp70 (42), respectively.
We conclude that HSP70B initially expressed with an N-terminal intein/chitin binding domain was incapable of interacting with CGE1 and lacked ATPase activity. Although inactive HSP70B interacted with HEP2, HEP2 could not convert inactive HSP70B to an active, CGE1-binding competent state. When expressed as a mature protein with a C-terminal hexahistidine tag, a tiny amount of HSP70B could be detected to interact with CGE1. However, when mature, hexahistidine-tagged HSP70B was coexpressed with HEP2, CGE1-binding competent HSP70B with ATPase activity could be recovered quantitatively.
HSP70B coexpressed with HEP2 is less sensitive to protease treatment⎯We
suspected that HEP2 may aid HSP70B to attain a conformation that enables the chaperone to interact with its CGE1 cochaperone. To test whether inactive and active HSP70Bs are in different conformational states, we performed a trypsin protease sensitivity assay. For this, hexahistidine-tagged HSP70B that was coexpressed with or without HEP2 and purified by Ni 2+ -affinity chromatography was used. As shown in Fig. 7A , HSP70B expressed without HEP2 already displayed some degree of degradation in the absence of trypsin. It became rapidly digested with increasing concentrations of added trypsin. The same was observed for HSP70B initially expressed with an N-terminal intein/chitin binding domain (data not shown). In contrast, HSP70B coexpressed with HEP2 was much less prone to trypsin digestion -significant amounts of intact HSP70B persisted even at the highest concentration of the protease. To exclude the possibility that active HSP70B was inaccessible to the protease by its interaction with HEP2, we determined whether significant amounts of HEP2 were in the active HSP70B preparation. For this, 10 µg of purified active HSP70B were separated next to 5 and 10 µg of purified HEP2 on an SDS-polyacrylamide gel and HEP2 was detected by immunoblotting. As revealed in Fig. 7B , the amounts of HEP2 detected in the active HSP70B preparation were so low that they could impossibly shield the entire HSP70B from protease attack.
We conclude that HSP70B coexpressed with HEP2 is in a conformation that protects it from proteolytic attack. In contrast, most HSP70B expressed without HEP2 is in a loose conformation that is highly susceptible to proteolysis.
HEP2 activates HSP70B upon preprotein cleavage⎯It was suggested that yeast Hep1 recognizes off-pathway conformers of mtHsp70s that occur during the reaction cycle and in the absence of Hep1 lead to selfaggregation of mtHsp70s. However, the possibility that Hep1 might prevent aggregation of de novo folding intermediates was not excluded (30).
If HEP2 was involved in maintaining HSP70B in an active state during its reaction cycle, one would expect purified HSP70B that was initially coexpressed with HEP2 to loose its ability to interact with CGE1 over time in the presence of ATP. To test this hypothesis, we mixed purified HSP70B that was coexpressed with HEP2 (and shown to have ATPase activity) with ATP and an ATP regenerating system. The mixture was split into four parts: to three of them equimolar amounts of CGE1 were added and no, 0.2x, or 2x purified HEP2 with respect to HSP70B. The four mixtures were incubated at 23°C and samples for immunoprecipitation of HSP70B were taken after 30 min, 24h, or 48h. To the mixture containing only HSP70B CGE1 was added prior to immunoprecipitation. Strikingly, the ability of HSP70B to interact with CGE1 persisted independently of added HEP2 or CGE1 over the entire time period (Fig. 8A) . As only extremely little HEP2 was present in our preparations of purified HSP70B (Figs. 7B and 8A), these data suggest either that trace amounts of HEP2 are sufficient for maintaining HSP70B in a functional state, or that HEP2 rather is required for de novo folding of HSP70B.
Folding of HSP70B into the active state is required following transit peptide cleavage after import into the chloroplast. We reasoned that the intein/chitin binding domain fused N-terminally to HSP70B would mimic a chloroplast transit peptide. Hence, if HEP2 was required for de novo folding of HSP70B during transit peptide cleavage, the presence of HEP2 during thiol-induced cleavage of the intein/chitin binding domain might result in active, i.e., CGE1-binding competent HSP70B.
To test this idea, two chitin columns were loaded with HSP70B expressed with an Nterminal intein/chitin binding domain. Thiolinduced cleavage of the latter was performed either in the presence or absence of purified HEP2. As shown in Fig. 8B , HSP70B from which the intein/chitin binding domain was cleaved-off in the absence of HEP2 was entirely incapable of interacting with CGE1, hence corroborating earlier results (Ref. 27; Fig. 6A) . Interestingly, however, a small fraction of HSP70B from which the N-terminal intein/chitin binding domain was cleaved-off in the presence of HEP2 was capable of binding to CGE1. The comparably low efficiency of HSP70B activation by HEP2 may be explained by the rather non-physiological conditions under which on-column cleavage occurred (0.5 mM EDTA, 0.5 M NaCl, 50 mM DTT, pH 9.0).
We conclude that HEP2 appears to act by aiding HSP70B to assume a correct folding state after cleavage of an N-terminal protein fusion rather than by maintaining the chaperone in an active state.
DISCUSSION
We report here on the identification and characterization of a novel partner protein of the chloroplast HSP70B chaperone in Chlamydomonas. Our intention was to identify and characterize a protein that ensures functionality of HSP70B. Our previous work with HSP70B in vitro was limited by the fact that heterologously expressed HSP70B was non-functional, as revealed by its inability to interact with its nucleotide exchange factor and cochaperone, CGE1 (25, 27). Functional HSP70B could only be recovered from Chlamydomonas cell extracts, however, yields were low.
Interestingly, in yeast mitochondria a zinc finger protein termed mtHsp70 escort protein (Hep1) was described, which was proposed to interact with mtHsp70s to maintain them in a functional conformation and to prevent their aggregation (30, 31, 40). Homologs of Hep1 were postulated to be present in mitochondria of all eukaryotic organisms (30). In the genome sequences of algae and higher plants, however, we could identify at least two genes encoding Hep1 homologs, one of which was predicted to be targeted to mitochondria, the others to chloroplasts. We could elucidate the following similarities between yeast mitochondrial Hep1 (28, 30) and Chlamydomonas plastidic HEP2: (i) both are weakly expressed, soluble matrix and stroma proteins, respectively (Figs. 2D, 4) ; (ii) both proteins have a larger apparent than calculated molecular mass (17 versus 14.4 kDa for Hep1 and 21 versus 14.9 kDa for chloroplast HEP2 (Figs. 2A, 2C, 2D , and 5A); (iii) neither Hep1, nor HEP2 stimulated the ATPase activity of their active Hsp70 partners (data not shown); (iv) both proteins preferentially interact with their Hsp70 partners in cell extracts that were depleted of ATP (Fig. 5C) (Fig. 3) ; (iii) mitochondrial Hsp70s Ssc1 and Ssq1 aggregated when expressed in the absence of Hep1 (30, 40, 31). This is not the case for plastidic HSP70B expressed in the absence of HEP2, as about the same amounts of soluble HSP70B were detected in E. coli lysates and in solutions of purified HSP70B whether or not it was coexpressed with HEP2 ( Fig. 6B ; see also Ref. 27 ). Rather, HSP70B not coexpressed with HEP2 was incapable of interacting with its cochaperone CGE1 (Ref. 27; Figs. 6 and 8B); (iv) when expressed in E. coli, the cochaperone Mge1 apparently could substitute for Hep1 in maintaining solubility of yeast mtHsp70 (31). In contrast, coexpression in E. coli of HSP70B and CGE1 did not result in active, CGE1-binding competent HSP70B (Fig. 6B) . Moreover, once active, HSP70B remained active also in the absence of CGE1 (Fig. 8A) .
Until now it is not clear with which domain(s) of their Hsp70 partners HEP proteins interact. Ssc1-3, containing a mutation in the ATPase domain showed a reduced interaction with Hep1, but not Ssc1-2 harbouring a mutation in the peptide-binding domain (30). Hence, it appears likely that HEPs interact with Hsp70s via their ATPase domains. This notion is supported by our finding that HEP2 affects the ability of CGE1 to interact with the ATPase domain of HSP70B. However, as HEP2 and CGE1 may concomitantly interact with HSP70B (Fig. 6B) , the binding sites of both proteins on HSP70B appear not to overlap. Similarly, concomitant binding of Mge1 and Hep1 was observed previously (31).
Is HEP2 continuously required to maintain chloroplast HSP70B in an active state or is it required only once for de novo folding of HSP70B after is has been imported into the organelle? Our data rather support the last possibility: firstly, purified HSP70B that was initially coexpressed with HEP2 quantitatively retained its ability to interact with CGE1 in the presence of ATP for at least two days (Fig.  8A) . If indeed HEP2 was required for avoiding dangerous off-pathway conformers during the reaction cycle of HSP70B, this must have occurred at least to some extent during such a long time period. In particular, because mtHsp70 and HSP70B, once trapped in the inactive conformation, could not be reactivated by Hep1 or HEP2, respectively (Ref. 30; Fig.  6A ). In fact, disaggregation of aggregated mtHsp70 required the mitochondrial ClpB homolog HSP78 (43). Secondly, and most importantly, some HSP70B expressed with an N-terminal intein/chitin binding domain was reproducibly converted to the active, CGE1-binding competent state when purified HEP2 was present during thiol-induced cleavage of the fusion protein (Fig. 8B) . In contrast, HSP70B recovered from cleavage in the absence of HEP2 in numerous experiments never resulted in any CGE1-binding competent protein (Figs. 6A, 8B ; Ref. 27 and data not shown).
From these data we propose the following hypothesis: After endosymbiosis of the bacterial ancestors of mitochondria and chloroplasts, gene transfer to the nucleus of the eukaryotic host cell included transfer of the bacterial hsp70 genes. Before the endosymbiont's hsp70 gene copies could be deleted entirely, reimport of the now also nuclear-encoded Hsp70s with an N-terminal transit peptide needed to be established.
However, correct folding of the chaperone's ATPase domain after cleavage of the Nterminal transit peptide must have caused severe problems. These were solved by the recruitment of a Zn-finger protein which was capable of stabilizing a folding intermediate of the Hsp70 preprotein such that, following transit peptide cleavage, it could fold to the stable, functional state.
This hypothesis is supported by the following other observations: (i) our genome database searches revealed genes encoding HEP homologs only in eukaryotes, where they were predicted to be targeted to mitochondria and chloroplasts. No HEP homologs were found in bacteria or cyanobacteria. Thus, HEP appears to be a eukaryotic invention that has occurred after the endosymbiotic event.
(ii) HSP70B expressed without an N-terminal extension to a small extent was functional, i.e., capable of interacting with CGE1 (Fig. 6B) . In contrast, HSP70B expressed with an Nterminal fusion protein was entirely inactive after cleavage of the fusion protein (Ref. 27; Figs. 5A, 6A, 8B). (iii) HEP1/2 are proteins of low abundance and only very little HEP1/2 was found to interact with mtHSP70/HSP70B (Figs. 4B, 5C; Ref. 30) . This is more consistent with HEP1/2 being required for de novo folding of organellar Hsp70s rather than for permanently maintaining them in an active state.
Although our data on chloroplast HEP2 suggest that it might be involved in de novo folding of HSP70B after cleavage of an N-terminal extension, more data are required to substantiate this idea. Moreover, it will be interesting to test this hypothesis with the mitochondrial system. Soluble cell extracts and membranes solubilized with 2% Triton X-100 were incubated with sepharose beads coupled to preimmune serum (Pre) or anti-HEP2 antiserum, respectively, for immunoprecipitation. Aliquots (representing 5% of the input for each immunoprecipitation) of soluble cell extracts (S) and membranes (M), and precipitated proteins were separated on an SDS-7.5 to 15% polyacrylamide gel and analyzed by immunoblotting. Fig. 3 . mRNA and protein accumulation of HSP90C and HEP2 during heat shock. Chlamydomonas cells were exposed to 40°C and samples were taken at the indicated time points for RNA and protein extraction. A, RNA gel blots were hybridized with probes derived from HSP90C, HEP2, and from a cDNA encoding the constitutively expressed Chlamydomonas beta-like protein 2 (CBLP2). B, 50 µg of whole cell proteins were separated on an SDS-7.5 to 15% polyacrylamide gel and analyzed by immunoblotting. CF1β served as loading control. Chlamydomonas chloroplasts (Cp) were separated into soluble stroma (St) and thylakoid membrane fractions (Th). Mitochondria (Mt) were isolated from the same strain. 21 µg proteins of whole cells (WC) and subfractions, and 50 ng of purified HEP2 were separated on an SDS-7.5 to 15% polyacrylamide gel and analyzed by immunoblotting with antibodies against thylakoidal cytochrome f (Cytf), stromal CGE1, mitochondrial carbonic anhydrase (CA), and HEP2. B, Quantification of cellular concentrations of HEP2. Purified HEP2 and Chlamydomonas whole-cell proteins at the amounts indicated were separated on an SDS-7.5 to 15% polyacrylamide gel and analyzed by immunoblotting. Fig. 5 . Interaction of HSP70B with HEP2 in vitro and in cell extracts. A, Analysis of HSP70B-HEP2 interactions by glutaraldehyde crosslinking. About 0.25 µM HSP70B and 5 µM HEP2 generated from fusion proteins were incubated alone or together in the presence or absence of ATP and separated directly (-GA), or after crosslinking with 0.1% glutaraldehyde (+GA) on an SDS-4 to 18% polyacrylamide gel and stained with silver (the band at 29 kDa was present also in empty lanes and therefore must be an artefact of the gel). B, Immunoblot of a glutaraldehyde crosslinking experiment with the setup described in A, but with 0.25 µM HSP70B and 1.25 µM HEP2 crosslinked with 0.005% glutaraldehyde. C, Analysis of HSP70B-HEP2 interactions in Chlamydomonas cell extracts. Chlamydomonas soluble cell extracts supplemented with ATP (+) or depleted from ATP (-) were subjected to crosslinking with DSP and incubated with protein-A sepharose beads coupled to antibodies against HSP70B, HEP2, or preimmune serum (Pre), respectively, for immunoprecipitation (IP). Aliquots (representing 1.5% of the input for each immunoprecipitation) of soluble cell extract (sol) and precipitates were separated on an SDS-7.5 to 15% polyacrylamide gel and analyzed by immunoblotting. Fig. 6 . Activation of HSP70B by HEP2. A, Test for HSP70B activation in vitro. 34 nM HEP2, 7 nM HSP70B, and 42 nM CGE1b were mixed in the combinations indicated and incubated with either apyrase (-ATP) or 100 µM ATP (+ATP). The mixtures were incubated with antibodies against HSP70B coupled to protein-A sepharose for immunoprecipitation (IP). Aliquots of the reactions (input) and precipitates were separated on an SDS-7.5 to 15% polyacrylamide gel and analyzed by immunoblotting. B, Test for HSP70B activation in E. coli. Plasmids encoding HSP70B (p70B, pMS461), HSP70B and HEP2 (p70B-HEP2, pMS462), CGE1 (pCGE1, pMS301) and the empty vector (pCDF; negative control) were transformed into E. coli and expression of encoded proteins was induced. Soluble cell extracts were supplemented with 5 mM ATP or depleted from ATP and then incubated with protein-A sepharose beads coupled to antibodies against HSP70B or CGE1, respectively, for immunoprecipitation. Aliquots (representing 1.5% of the input for each immunoprecipitation) of soluble proteins and precipitates were separated on an SDS-7.5 to 15% polyacrylamide gel and analyzed by immunoblotting. C, ATPase activity test. Values are the mean of nine independent experiments from four preparations of HSP70B coexpressed with HEP2 (filled circles), and three independent experiments from two preparations of HSP70B initially expressed with an N-terminal intein/chitin binding domain (open circles). Error bars indicate the standard error of the mean. Fig. 7 . Protease sensitivity assay of recombinant HSP70B. A, Protease sensitivity assay. 10 µg of purified recombinant HSP70B expressed alone (-HEP2) or coexpressed with HEP2 (+HEP2) were incubated with the indicated amounts of trypsin protease. Samples were separated on an SDS-10% polyacrylamide gel and analyzed by immunoblotting. B, Analysis of the amounts of HEP2 copurifying with HSP70B. 10 µg of purified recombinant HSP70B coexpressed with HEP2 together with 5 and 10 µg of purified recombinant HEP2 were separated on an SDS-7.5 to 15% polyacrylamide gel and analyzed by immunoblotting. Fig 8. Analysis of the ability of HEP2 to maintain HSP70B in an active state or to activate it. A, Time course analysis of the ability of purified recombinant HSP70B to interact with CGE1. 22 nM of purified recombinant HSP70B coexpressed with HEP2, 44 nM of purified recombinant CGE1, and 4.4 (0.2x) or 44 nM (2x) of purified recombinant HEP2 were mixed in the combinations indicated in the presence of 200 µM ATP, an ATP regeneration system, and protease inhibitors. Samples were collected at the times indicated and 10% of each sample was withdrawn as input control. To the sample containing only HSP70B, CGE1 (in square brackets) was added thereafter. Following ATP depletion with apyrase, samples were incubated with protein-A sepharose beads coupled to antibodies against HSP70B for immunoprecipitation (IP). Input control and precipitates were separated on an SDS-7.5 to 15% polyacrylamide gel and analyzed by immunoblotting. B, Equal amounts of mature HSP70B fused N-terminally to the intein/chitin binding domain were bound to two chitin columns. On-column thiol-induced cleavage was carried out in the presence or absence of 30 µg purified recombinant HEP2 over night. Cleaved HSP70Bs were eluted, concentrated and 360 nM each were mixed with 150 nM purified recombinant CGE1b in the presence of apyrase. 5% of each mixture was used as input control, the remainder was incubated with protein-A sepharose beads coupled to antibodies against HSP70B for immunoprecipitation (IP). Input control and precipitates were separated on an SDS-7.5 to 15% polyacrylamide gel and analyzed by immunoblotting. 
